In general, transcriptionally active euchromatin replicates during the first half of S phase, whereas silent heterochromatin replicates during the second half. Moreover, changes in replication timing accompany key stages of development. Although there is not a strict correlation between replication timing and transcription per se, recent results reveal a strong relationship between heritably repressed chromatin and late replication that is conserved in all eukaryotes. A long-standing question is whether replication timing dictates the structure of chromatin or vice versa. Mounting evidence supports a model in which replication timing is both cause and consequence of chromatin structure by providing a means to inherit chromatin states that, in turn, regulate replication timing in the subsequent cell cycle. Moreover, new findings relating aberrations in replication timing to defects in centromere function, chromosome cohesion and genome instability suggest that the role of replication timing extends beyond its relationship to transcription. Novel systems in both yeasts and mammals are finally beginning to reveal some of the determinants that regulate replication timing, which should pave the way for a long-anticipated molecular dissection of this complex liaison.
Introduction
Experiments conducted in the early 1960s showed that genetically inactive heterochromatin, contained in Giemsa dark chromosome bands or 'G bands', replicates late during S phase, whereas most transcription takes place in Giemsa light or 'R bands', which replicate early during S phase (for references see [1] ). Results from modern molecular approaches have been consistent with this conclusion: out of the few dozen genes examined, nearly all transcriptionally active genes replicate early in S phase, and more than half of the developmentally regulated genes replicate late when they are not expressed [2] [3] [4] .
Comprehensive studies of large DNA segments are consistent with the idea that several adjacent replication origins orchestrate the coordinate replication of large 'replication domains', whose boundaries coincide with the boundaries of R and G bands [5] [6] [7] . Some studies have identified developmentally regulated switches for replication timing that encompass hundreds of kilobases [8,9 •• ,10] . In all such cases, a switch from late to early replication precedes or coincides with transcriptional activation of genes within the affected domain. Hence, it is often presumed that early replication is a necessary (albeit not sufficient) condition for transcription.
Two reciprocal but not mutually exclusive working models have been proposed to describe this relationship ( Figure 1 ). In the first model (Figure 1a ), transcriptional potential is established by synthesizing DNA at times when specific proteins are available for assembly into chromatin. For example, early replicating DNA would have a competitive advantage for binding limiting concentrations of transcriptional activators [11] , whereas proteins that facilitate the assembly of heterochromatin would be available only late during S phase [12 •• ]. An alternative model (Figure 1b) proposes that the structure of heterochromatin delays the initiation of replication [13,14,15 •• ], perhaps by restricting access of essential replication proteins to chromatin. In this review, I summarize recent evidence in the context of each of these models.
Globin gene regulation
The mammalian globin gene loci are amongst the most well studied with respect to the role of replication timing in gene expression. In non-erythroid cells the β-globin gene cluster is embedded in a 200-300 kb stretch of hypoacetylated, DNaseI-resistant, late-replicating chromatin; but in erythroblasts that can be induced to express β-globin, roughly 1 Mb surrounding the β-globin gene comprises early-replicating, DNaseI-sensitive, acetylated chromatin [9 •• ,16 •• ]. Much attention has focused on the role of the locus control region (LCR) -a cluster of five DNaseI-hypersensitive sites that span a region 50-75 kb upstream of the β-globin genes. Naturally occurring deletions that include the LCR render the entire globin locus insensitive to DNaseI, transcriptionally inactive and late replicating [16 •• ].
Transgenic mice carrying human β-globin constructs containing the LCR show efficient, position-independent levels of gene expression, although the percentage of cells expressing the gene is still subject to variegating position effects [17] . Recently, several LCR-containing transgenes have been shown to replicate early in erythroid tissues and late in non-erythroid tissues derived from these transgenic mice, regardless of the normal replication time of the integration site [9 •• ]. For one of these transgenes, flanking sequences seemed to come under the replication-timing control of the insert. Furthermore, derivative transgenes Replication timing and transcriptional control: beyond cause and effect David M Gilbert with deletions in the LCR did not show proper replicationtiming control. These experiments suggest that cis-acting elements within the LCR are sufficient to influence the replication timing of large chromosomal regions; however, they do not distinguish whether the LCR exerts a direct influence over origin firing or affects replication timing indirectly through global changes in chromatin structure.
Intriguingly, targeted deletions of the LCR at the native locus, either in knockout mice or in human chromosomes transferred into murine erythroleukemia cells, do not affect chromatin structure or replication timing, although they do substantially reduce transcription of the β-globin genes [16 •• ,18 • ]. At present, the simplest way to reconcile these knockout studies with the transgenic mouse experiments is to hypothesize the existence of redundant elements upstream of the LCR that ensure proper replication timing when the LCR is deleted. These redundant elements would presumably be contained within the larger Hispanic deletion that disrupts replication control. This hypothesis will soon be put to the test through the targeted deletion of additional upstream sequences.
An important consideration is that hemoglobin consists of equal quantities of both α-and β-globin. Therefore, the genes encoding these two polypeptides must be regulated coordinately and expressed to similar levels, yet the α-globin locus is early replicating and embedded in accessible chromatin in all tissues [3,19 • ]. Thus, an erythroid-specific pattern of gene expression can be achieved without marked changes in chromatin structure. Cells may be forced to adapt different strategies depending on the chromosomal context in which a gene is located. The α-globin gene is in a GC-rich region containing many housekeeping genes, whereas the β-globin gene is in an AT-rich region flanked by olfactory receptor genes and imprinted genes. Shown is a pre-replication complex (pre-RC) assembled at a replication origin and either accessible or inaccessible to proteins that regulate initiation of replication during S phase (reviewed in [13, 29] ). These models are not mutually exclusive. For example, chromatin modifications could initiate changes in replication timing, whereas replication timing might maintain chromatin structure by ensuring that epigenetic states of chromatin are propagated. at the time of implantation by a mechanism that chooses the late-replicating allele at random. Notably, it is almost always the early-replicating allele that is initially selected to undergo rearrangement, suggesting that replication timing is an early developmental marker for allelic exclusion in the immune system.
Allelic asynchrony
Inactivation of the X chromosome is currently the only available system in which the order of events surrounding a switch in replication timing can be observed in cell populations. Together, these data imply that expression of Xist RNA and transcriptional silencing mark the inactive X chromosome for a switch in replication timing, whereas a complex interplay between several epigenetic factors maintains late replication. They do not yet distinguish, however, whether the initial assembly of a heritable heterochromatic state is a cause or consequence of changes in replication control.
Determinants of replication timing
Ultimately, understanding the role of replication timing in transcriptional control (or any other cellular process) will require knowledge of what programs replication origins to fire at particular times during S phase. This has been a particularly challenging problem in metazoa, because of difficulties in defining the sequence elements that comprise replication origins and the lack of convenient assays for replication [29] .
There are only two mammalian loci for which both replication-timing switches and origin localization have been studied. 
Replication timing and subnuclear position
Several recent studies suggest that replication timing is re-established in each cell cycle by modifications of chromatin that take place as sequences are re-positioned after mitosis (reviewed in [13, 43] 
Other roles for replication timing
The incomplete correlation between replication timing and transcription may reflect other roles for replication timing. In several model systems, defects in replication timing are associated with defects in chromosome condensation, sister chromatid cohesion and genome stability [56 (Figure 1a) . If the primary role of replication timing is to maintain the structure of heterochromatin, which is neither necessary (e.g. for the α-globin gene) nor sufficient (e.g. for genes in heterochromatin [63] ) to repress transcription, then the incomplete correlation between replication timing and transcriptional control would not be surprising.
Conclusions
In all eukaryotes, replication timing is linked indirectly to transcriptional control through its liaison with chromatin structure. Heterochromatin seems to be universally late replicating. The mechanism that links these two has remained elusive, and evidence exists for both of the models shown in Figure 1 . Although some systems provide direct evidence that silent chromatin is responsible for late replication, this model ( Figure 1b) does not offer a functional significance to replication timing. The simplest interpretation is that both models are correct. Although switches in replication timing can be initiated by changes in chromatin structure, once established that structure must be re-assembled in each cell cycle. Duplicating chromatin at specific times during the cell cycle might facilitate the re-assembly of the very domain structure that dictates, in turn, replication timing in the subsequent cell cycle.
Testing this hypothesis will require a better understanding of what regulates replication timing. This will be a formidable challenge, particularly when one considers that origins do not fire simply early or late, but continuously throughout S phase [38 •• ,44] . New approaches, in both yeast and mammalian cells, are beginning to dissect how this program is reset in each cell cycle; and recent links to genome stability and human disease should provide added incentive for more research. Sorely needed, however, are systems for probing the molecular events that initiate replication-timing switches, such as those available for studying X-chromosome inactivation. Central to this goal is a description of when such switches occur during development.
So far, the number of loci for which replication timing changes have been identified is a tiny representation of the genome. Moreover, tissue-specific differences in Giemsa R and G banding patterns have not been observed, raising the question of how frequently changes in timing of replication occur during development. Whole-genome analyses of replication timing, such as those carried out recently in budding yeast, need to be performed in different cell lineages before we can evaluate the significance of replication timing switches during the course of development. At least this approach is one that is within our technological grasp. Mouse transgenes that contain the locus control region (LCR) of the human β-globin gene and that are integrated at different chromosomal sites replicate late in most cell types derived from the transgenic mice, but replicate early in erythroid cells. Additional evidence suggests that specific deletion mutations in the LCR abolish the late -but not the early -replicating state, whereas other deletions abolish both early and late control of replication timing. These results imply that the LCR contains dominant cis-acting elements that can regulate the time at which mammalian replication origins fire. Asynchronous replication of B-and T-cell receptor loci is erased in the morula and blastula and then re-established around implantation, similar to X-chromosome inactivation. In B cells, the earlier replicating copy of the κ locus is almost always the rearranged copy. Using allele-specific markers, the authors show that the pattern of replication is established randomly and maintained clonally, which suggests that replication timing serves as a basis for initially choosing one allele to undergo rearrangement. Heterochromatin, HP1 and methylation at lysine 9 of histone H3 in animals. Chromosoma 2002, DOI 10.1007/s00412-002-0182-8. Methylated Lys9 of histone H3 is shown to localize to G-banding patterns of autosomes, as well as the inactive mammalian X chromosome. Chromatin containing this modification replicates late in S phase but the modification is stable throughout the cell cycle, including mitosis. Since methylation of histone H3 on Lys9 therefore precedes the timing decision point, this modification is not sufficient to delay replication but may serve as a memory for the re-establishment of late replicating domains. This study evaluates the sequence requirements for replication of two origins that are inactive at their native silent mating-type locus but that function as origins in plasmids. Most evidence suggests that silent origins are simply very late replicating origins that can be activated with sufficient time under the appropriate conditions (Vujcic et al. (1999) [35] ). These origins are particularly interesting for discussing replication timing because one of them has been shown (Bousset and Diffley [1998] [64] ) to replicate late even when present on a plasmid -unlike most other late replicating origins. This report shows that both flanking and internal sequences contribute to the activity and (probably) the late replication program of these origins.
